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Abstract: Dispersion of Love and Rayleigh waves hemm computed for a model of the
suboceanic crust and mantle. An important feature of this model is a low-velocity layer in the
upper mantle. These calculations, which include the effect of Ephe-izc"y, are consistent. with
oceanic Love wave dispersion data for periods from 10 and 800 seconds to wihLi a few
hundredths of a kilometer per second. The effect of sphericity on oceanic Love waves is of great
importance for'periods as short as 10 seconds because of the penetration of these waves into the
low-velocity channel. Computations for the same model, which consists of homogeneous iso-
tropic layers, are also in accord with the oceanic Rayleigh wave data for periods from 30
to 150 seconds to within a few hundredths of a kilometer per second The results can be
further improved by minor modifications of the model. Since the calcul ions for a spherical
earth are consistent with oceanic Love and Rayleigh wave data, apparent ci repancics which
result from computations for flat layers are resolved without recourse to difference in SH
and SV velocities in the suboceanic mantle. Recent calculations and observaions of Love and
Rayleigh wave dispersion by Brune and Dorman for the mantle beneath the Canadian shieldv:wed (1) that a low-velocity zone is required and (2) that no difference bet SH and SV
,*ciocuje• is neeoed. Thus their study and this paper show that these two conclusions are appli-
cable to large areas of the world. The wave guide of thc G wave for periods from 60 to 300
seconds is the free surface and the steep gradient in shear velocity in the upper half of the
mantle. At shorter periods the fundamental oceanic Love mode exhibits large particle ampli-
tudes in the low-velocity channel. A comparison of the upper mantle beneath oceans and con-
t"e-,ts confirms previous results which indicate that channel velocities are smaller beneath the
oceans.

Introduction. The physical properties of the as 10 seconds, because of the penetration of the
crust and mnanifc beneath oceanic areas can be wave disturbance into the low-velocity channel.
investigated with the aid of Love and Rayleigh In fact, sphericity can resolve the Apparent dis-
waves. In this study theoretical phase and crepancies discussed by Ewing and Landisman
group velocities for a model whinih contains a [19611 which result from computations of Love
low-velocity layer are compared with experi- and Rayleigh wave dispersion for flat layers.
mental data for a broad range of pcriodr. The When sphericity is taken into account the're is
effect of sphericity on Love and Rayhovh waves fo lorger a necessity for a difference in SH and
has been taken into account in the theoretical SV velocities in the suboceanic mantle.
calculations. Recently Brune and Dorman [1962], using

In this paper considerable emphasis has high-precision Rayleigh and Love wave data,
been placed on the Love wave solution for found that no difference between SH and SV
a spherical ea.rth as compared with the result velocities is nee~nd for the mantle beneath the
for fiat layers. The effect of sphericity on Canadian shield. They also demonstrated that
the pha.se and group velocities of oceanic Love a low-velocity layer is required for this region.
waves is not negligible, even for periods as short Thus their study and this paper show that these

two conclusions are applicable to large areas of
1 Lanont Geological Observato~ry Contribution the world.

578. For thie calculations used in lhis study, the
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distribution of velocities and densities for the smaller beneath the oceans than beneath the

suboceanic crust and mantle was selected with continents.
the aid of several different criteria. The physical The first studies in which observational group

parameters for the sr-imentary and crustal lay- velocity data were compared with calculations
ers of case 122 were coosen to be in accord with for flat layers were restricted either to Love

the results of seismic refraction work at sea waves or to Rayleigh waves. Most of the result-

and with the short-pwriod oceanic surface wave ing independent velocity distributions con-

results of Oliver and Dormnan [1961]. For the firmed the existence of the low-velocity layer,

mantle the distribution of physical parameters but they were quite dissimilar in detail. For ex-

for case 122, which is consistent with data for ample, Dorman et al. [1960] demonstrated that

teleseismic body waves, is the same as that for case 38 km-XII, which had been shown by

oceanic case 8099 of Domian et al. [19601. These Landisman and Sat6 [1958] to explain conti-

authors showed that case 8099 was in accord nental Love wave data, was not in accord with

with the group velocity data for mantle Ray- continental Rayleigh wave data. Ewing and

leigh waves determined by Ewing and Press Landisman [1961] discussed this problem fur-

[1954a, b] and with the oceanic Rayleigh wave ther, paying particular attention to the mantle

observations of Sutton et al. [1959]. One of the structure beneath oceans, and presented a fig-

most important resultz demonstrated by Dor- ure showing the oceanic and continental shear

man et al. was the requirement of a low-velocity velocity distributiors derived from calculations

channel for the mantle beneath continents and for flat layers. These authors emphasized that a

oceans. proper treatment of the problem must include

Recent observational work has produced ad- sphericity.
ditional Rayleigh wave data for the oceans, some Theoretical studies have recently been made

of which includes phase velocities as well as which include allowance for sphericity, gravity,

"r uIp velocities [Aki, 1960a, b; Aki and Press, gradients, and a liquid core. The sphCroidal os-

.... a- el aL., 195t]. 1uc et a!. La.ive shown cillations have been treated theoretically by Al-

that case 8099 explains the major features of terman ct al. [1961], Bolt and Dorman r1,61],

oceanic mantle Rayleigh wave dispersion. The and others. The torsional oscillations have been

present study indicates that theoretical Love investigated by Jobert [1959, 1960a, b], Sat6

and Rayleigh wave phase and group velocities et al. [1960a, b], Pekeris et al. [1961], MacDon-

computed for case 122 satisfy available oceanic ald and Ness [1961], and others. Jobert [1960b]

dispersion data. presented Love wave phase and group velocity

Long-period Love waves, especially G waves, curves for a modified Gutenberg mantle which

have been studied since 1926 by Gutenberg, By- was considered appropriate for oceanic areas.

erly, Imarnura, Wilson, Satt5, amd others. Love This calculation for a spherical earth produced

wave calculations by Sat6 [1958], Landnsman a fairly flat group velocity curve with a mari-

and Sat6 [1958], and Landisman et al. [1959] mum of approximately 4.5 kmi/sec at 30 seconds

have contributed to the present knowledge of and a minip-mi of approximately 4.4 km/sec

the upper mantle. With the exception of those near 3 minutes. Although no comparison was

of Sat6 [19581, these Love wave calculations, made with observed data, the maximum and

studies of teleseismic body wave times and am- the minimum lie slightly outside the range of

plitudes, and the Rayleigh wave computations observed group velocities for the fundamental

cited above have shown that beneath the cruist oceanic Love mode.

the upper mantle ha.s high-velocity material Some of the theoretical studies cited above

which overlies a region of lower velocities. At were stimulated by the occurrence of the T-ret

even greater depths higher velocities are also Chile= e:. ,quqke of May 22, 1960, which

required. This distribution of velocities is cora- excited the free vibrations reported bv Asop

patible with those inferred from body wave et al. [1961], Beniofi Ct al. [1961], Bogert

studies by Gutenberg [1953] and Lehmann [1961], Ness et al. [1961], Brune, Beniorf, and

[19551. A general conclusion to be drawn from Ewvng [1961], and others. These studies of the

these surface wave investigations is that the Chilean earthquake prefd,!-ý,d new and precise

channel velocitieq in the upper mantle are determinations of tV- dispersion of long-period
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Love and ]? Nbh*vltvos. F"or periods greater [191jii, hieh was applied to Dorinan's oceanic
IFfl!1n Fevn1T1allIIfldred tiveonds ', tile steep) rise ill case 8099 by Kno -ft al. [119G21.

phasFe and group velfieitics, whirlh had been pre- For perio&7, between 30 and 150 secondls, the
dicted by theory, was conifi;nnod hY observ'ations. phase and group) vcloeiti,ýie calculated for case
This zt~eel rise is ra:I?.e( by, the, penetration of 122 agree with the theoretical values for case
tile wave (list itrim lce into the lower half of the 8099S (spherical) of Kuo et al. to within 0.01
miantle. kin/sec. Rayleigh wave calculations for a flat-

Computational prorcdui'res. Love wave dis- la)yered version of elase 122 also agree with Dor-

persion for a spherical earfl i, consisting of a man's published vatu 0 tes for ease 8099 to within
large number of spherical shlvls, his been corn- 0.01 km/sec over the same range of periods

puted uiuig -an I IM 7090) version of a nu- For periods, shorter than 50 ,,econdz thle earth-
iner~cal iteration prograini described by Stitt flattening approximation for ease 122 agrees to
t. (it. [1 960a, b-1. This prograin has been uised better than 0.Oi kmn/sec with the Rayleigh mode

to calculate free periods of torsional osell- phase and group velocities for a spherical earth.
lation, u~hase velocity, group velocity, particlr A marxpkýgrani for liquid and solid 00~.

amplitude, and strain distribution as a, func- layers was used in computing Rayleigh wave
tion of depth for each of the azimuthal mode particle amplitudes. The method is similar to
numbers n. Group veloeity, which is calculated that reported by Dorman and Prentiss [1960]
by the polynomial method, is about two orders and Dorman [1962].
of magnitudle more prreise thain the observa- Oceanir case 122 campared with other studies

tional data. With this program dispersion can of the crust and mantle. For the computations
be computed for a spherical or a flat-layered of spherical Love and Rayleigh waves for the

model: the same physical parameters and nu- model reported in this study, the velocities and
nvirical procedulres can be used in both cases. densities for the crust and mantle were chosen

Th'r'se calculati-i's for flpt. !avers wer.- compared to be in accord with recent geophysical studies
with those made with the aid of the Thomson- of oceanic. areas. The velocities for the sedimen-

Haskell [Haskell, 1053] matrix program, PV7, tary and crustal layers of case 122 were indi-

written by Dorman [Oliver and Dorman, 1961], cated by the recent work of Oliver and Dormnan

and the results agree at rill periods to better [1961] and are consistent with seismic refrac-
than 0.0001 km/sec. In addition'. the matrix tion work at sea as reported by Raitt [1956]
method was combined with the earth-flattening and Ewing and Eu~ing [1959]. Crustal denssities

approximation [Alterman ct at, 1961] as a fur- adopted for case 122 conformn to thep Nafe and
tlier test of the calcuinltions for the spherical Drake empirical velocit~y-dcnsity curve reported
model. All methods give very similar funda- by Taiwani et al. [1959]. The layer parameters
mental Love mode phase velocities for periods for the homogenecus isotropic layers which con-
!7hort~er than 8 secondiu. For periods shorter than stitute case 122 ara given in Table 1. For the
50 seconds the earth-flattoning approximation crust, these layers correspond fclosely in both
,agrees to better than 0.01 kmi/sec with the fuin- tliic~knes,-ý and velcity tv thoseF indicated- by

damental Love monde phase and group velocities seismic refraction. Ewinft and Ewving [1961],
' determined bv the calculations for a spW'lrivai uising a sismograph on the ocean floor, obtaincd

earth. su~~~~bscrustal shiear veloc~f it~ eas eets tsn

A Program wvritten In. L,. E,. Alsnp useOd (istancees. These authors consider their incavurc-

in rco-piting oee-anic ayeil wave. free- PC- ments to be alppropriate only, for theý upper stir-

I-iod!!, pha1:Se and groupi volacities:, partiele am- fince of the mnantile, and for this reasont their
'at.ile ad gray] tatiorial (li.stjrb~anc(e foIr each1 AalUe c~f mnantle, shea-r velocity wa-S nct(,51 o

,azoimthal miod of a gravitating, spherical earth case 122.
with ,i fiqi id .4urface layer. This routine is simii- For tim mnantle. the layer pannrameters for ma-

far thi one (lescribed by eltsop [19621. The 12-2, presented in Taible 1, )re identicai to tho-,'
ica,~ Thileigh Mode Phase and group v'eloci- for oceanic caseý 8099 ef TDhrm.-l et a]. The

tiesý which resulted wvere then u1sed to chleek the ho.mno!,ereous layers for the -iantle wvere re,-

cIMrr*Ift ion for ,,pherilvif y for cotttine nital T tv- imrcd by. Dortwn:' eM, 1 Ow~m -

lehx'i wave., reported bY Boltil end Dormnan of c~nainThese ayer : re tepped qp-
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TABLE 1. Physical Parameters for the Homogeneous, Isotropic, Spherical Shells of Case 122
Thickness (kin), compressional velocity a (km/sec), shear velocity # (krn/see), and density

p (g/cm'). Earth radius = 6370 km and core radius = 3470 km for the calculations for the
spherical model. Deepest layer represents the half-space for calculations for the flat-layered
model.

LAYER THICKNESS a p pNO. KM KM/S KM/S GM/CC

1 5.0 7.52 0.0000 1.0300
2 0.5 2.00 0.5000 1.9000

1.5 4.80 2.7 00 2.510oo
~~. 5. 6.o.00 2.9000

549.o Z.2 4.6125 3. 400
166.0 17 4 .0 3.25S1oo.o 8.49 4: ý0o00 3.52,65
90.0 8.81 4.8o00 3.64o

9 90.0 9.2 5. 71925 3-7650
10 700.0 9 .A 5.4925 °01o0
11 100.0 10.t 5.-7900 4. 2o00
12 100.0 io.85 b.o3oo 44,0oo
1ý 100.0 11.12 6.2 00 4 R4501 100.0 1.33 6.3150 14:400
1 100.0 W6.40 oo.7100
1 100.0 11.6 6.46'D 4.1700
17 100.0 '1.78 6 5 10 14,g275

100.0 11 q9? 6.2 10 .4.885
19 100.0 12:06 6. 4.94oo•o100.o 12.1.9 6 o 57o000
21 100.0 12:-43 6.7550 5.0550
22 100.0 5.6.86,o 51050
23 100.0 12.59 6.85Ž5 5.1575
2. 100.0 12 6.8975 5.2075
25 100.0 12:,, 6.9450 5.2650
26i o.0O 1297 b.9950 5.31502 100.0 13o09 7.o050 5.3650
2o 00.0 1•3o•2 70o950 5.1150
29 100.0 13.X; 7.12 5 5.465030 100.0 13oe6 7. 1875 5.5150
31 1000. 13,-3 7.2325 5.5625
32 100.0 13.61 7.2775 5.b075
33 13.64 7.3000 5.6550

proximation to velocities and (lensitY,16vw i !re (',e)t for one observation of S near 17' [Pomeroy,
)aLsed on thos- oriffinafly deterininee froan ) ','h- 1962 1, io ravel-time data are available from nu-

quake body wave studies. In the present idy clear explosions in oceanic areas at distances
the homogeneous isotropic iayers of ease S0C99 less than 340 for S and 31/2° for P. The short-
of Dorman et al. have been retained for cae, period S wave observation near 170 indicates a
122. minimum upper-mantle shear velocity of 4.7

Observations of the travel times of P and S km/sec beneath the ocean basin between Eni-
from nuclear explosions in the Pacific by Carder wetok and Guan. No oceanic refraction re-
and Bailey [1958], Kogan [1960], and others suilts exist for distances greater than 10. These
have confirmed the teleseismic travel time curves precise results must be further amplified in
remarkably well. For sources in the Pacific and order that they may give information about
recording s•ttions on continents, P arrives 2 see- the suboceanic upper mantle.
onds early and S is recorded 4 + seconds late, It is instructive to compare the mantle ye-
as compared with the Jeff reys-Bullen tables. Ex- locities determined from surface wave studies
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of oceanic and continental areas. The sub- continental data are needed in order to de-
oceanic mantle distributions to be considered termine whether channel velocities usually oc-
are case 122, case 8099 of Donrman et al. [1960], cur at greater depths beneath the continents
and case 6EGHP1 of Aki and Press [1961]. than beneath the oceans.
These distributions are very similar; all contain Love wave phase and group velocities. Ex-
a channel with a minimum shear velocity of perimental and theoretical fundamental mode
4.30 km/sec. As noted above, cases 122 and phase velocities for oceanic Love waves of pe-
8099 are identical in the mantle. The upper and riods up to 800 seconds ar• presented in Figure 1.
lower channel boundaries of case 6EGHP1 are Experimental data appropriate for oceanic areas
not as sharp as those for cases 122 and 8099, have been taken from Sat6 [1958], as corrected
since case 6EGHP1 was obtained by a modifica- for the polar phase shift [Brune, Nafe, and Al-
tion of a Gutenberg instead of a Lehmann con- sop, 1961; Brune, Beniof], and Ewing, 1961;
tinental distribution. Beniofi et al, 1961; MacDonald and Ness, 1961].

For the continents the Gutenberg-Bullen A Of these, SatS's data have the greatest per-
model, case 6EGH of Aki and Press [19611, and centage of oceanic path and hence his data are
the distribution CANSD determined from the considered more reliable. Four theoretical curves
dispersion of Love and Rqyleigh waves across are shown; one is the result of a calculation for
the Canadian shield [Brune and Dorman, 1962] flat layers, and the other three are for a spherical
will now be considered. The Gutenberg-Bullen earth. Numerical results of the calculations of
A model has been used to explain the observed Love waves for the spherical version of case
mantle Love and Rayleigh .wave data from the 122 appear in Table 2. For azimuthal mode num-
great Chilean earthquake and the southeast bers less than 360, the second and third layers
Alaska shock of July 10, 1958 (e.g., Brune, (shear velocity 8 = 0.5 and 2.77 km/sec, respec-
Benioff, and Ewing [1961]; Pekeris et al. [1961], tively) were deleted and replaced by a single 2-

. Case 6EGH is a model based on one of km layer with a shear velocity of 2.77 km/sec
C -1., itr'S later -eiocuy disti1biutions. The and a density of 2.54 g/em. A detailed corn-
principal difference between case 6EGFH and the parison of these computations with data will be
Gutenberg-Bullen A model occurs between 50 made in conjunction with the material presented
and 100 kin, where case 6EGII has lower shear in Figure 2.
velocities. The Canadian shield case, CANSD, Calculated group velocities for two flat-layered
is characterized by higher velocities than either and two spherical models are compared with
of these models. The shear velocity from the group velocity data appropriate for oceanic
Mohorovicic discontinuity to a depth of 115 km areas in Figure 2. The sources of these data are
is 4.72 km/sec. The low-velocity channel, which indicated in the figure. In the long-period Chile
is 200-kmn thick, consists of a 4.54-km/sec layer to IRafia data, those represented by stars are the
ovwrlying a 4.51-km/sec layer of equal thick- more reliable, according to Brune, Benioaf, and
ness. Ewing [1961], because the effects of initial phase

In general, surface wave studies to date have at the source have been removed. The symbol G
shown that the channel velocity is lower be- represents values which were picked from the
neath the oceans than beneath the continents, summary curve of Love wave data for the Pa-
in addition, with the exception of t,he study cifi. in Figure 1 in the third paper of Gutenberg
of Aki and Press [19611, several of these inves- and Richter r1936, p. 89]. The data indicated
tigations have indicated that the oceanic chan- uy -qwtes are from a southeast Pacific shock
nel velocities occur nearer the surface. Below which occurired on November 14, 1958, at 05h
the M discontinuity, the physical parameters for 04m 25., Ccr at 36.0'S, 102.8'W, as recorded
the continental model 6EGH and the oceanic at U.1116t.t, atjicn, Antarctica.
model 6EGHP1 of Aki and Press differ only in Several observations may be made from a
the value of shear velocity chosen for the low- study of Figurca 1 and 2. The eaiciulation of case
velocity zone. Model 6EGH was compared with 12.2 for flat layers departs significantly from
only one seisrnogram for periods near thf, con- the Love w-ve phase and group velocity datIa
tinental Airy-phase maximum. Furt.icr Wtudy in Figures I and 2. In contrast, when the com-
'1nd a comparison of various models with more putation is done for a spheric.il earth, the phase
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UxCHILE TOISABELL (BRUNE.ET AL 11960)
TO E... JEFFRE VS - ULLE 'I,

(I) Vk CHILE TO (AAAA (BRUNE. ET AL) MODEL /
60 0NEW GUINEA TO RIO AND MT TSUKUBA -SAT6, ET AL. I
~ 6.0(BRUNE.ET AL)

0 KAMCHATKA AND NEW GUINEA TO PASADENA
(SATO, 1958, CORRECTED FOR POLAR PHASE SHIFT)7

1-TORSIONAL OSCILLATIONs' A
o A ALSOP.,ET AL

0 BENIOFF, ET AL GUTENBERG
wi 5.00MADNLANNESPKRS1I

U)

x -CAE 22 FATEARTH li

4. 0 'II6 1O 20 30 50 100 200 300 500 800
PERIOD IN SECONDS

Fig. 1. Phase velocities for fundamental-mode oceanic Love waves. Calculation for a
spherical earth (solid line) agrees more closely with observational data th&i1 calculation fur
a flat-layered model (dashed line). Parameters for case 122 in Table 1.

velocitieg a"rree with far. iiable 0%0ta for peri-ds model indicated that oceanic channel velocities
between 60 and 800 seconds to within a few are smaller and come nearer to the surface than
hundredths of a kilometer per second. The cor- continenttal channel velocities. As was discussed
responding group velocities compare well with above, several recent stud;!-, Porroborate this
toxistinz data over an even broader range of result. In comparison with cases 122 and 8099,
periodi4. The agreement of theoretical wave ye- the shear velocity for Oceans VIII is higher by
locitio fur case 122 vihobservational data over several tenths of a kilometer per second in the

such a. broad range of periods indicates that the lower part of the channel. The differences be-
physical parpameters chosen are close to the ac- tween the shear velocity distributions for Oceans
tual ones in the earth to depthus of at least sev- VIII, derived from Love wave dispersion, and
eral hundred kilometerc: beneath the ocean, case 8099 of Dorman et al., determined from
These results may be further improved by Rayleigh wave data, were onie of the discrep-
muinor modifications of the model. New and more ancies noted by Ewing and La~ndisrnan. Similar
precise data. are also neelded. discrepancies between Love and Ralyeigh wave

If no calculations for a, spherical earth were results have been the basis of recent speculations
available, one might tend to mod'ify the physieal concerning anisotropy in the upper mantic [An-
parameters of case 122 in order to e-~plain the dArson, 1961, 1962; An~derson. and Hark-rider,
Love wave phase and group velocity data. One 1962]. Since case 122 agrees with thn data1
of the better Love wave cal-cuilatiolis for flat whben calculation for a spherical earth iq pr--r
lavers is tile P-l-n Mi"keei Ocenls; VIII [Landi's- formed, no recourse to a difference in Si-! :md
inarL ct al., 19591. The shear velocity distrihui- SYV veloeities, i.e-. napiqtrrý,vs rew-ired. Thuis
tion for 11his case was presented by Ewing ard one dstribution of hoimogrnpcwes isotropic ];!N-
IandIisman, [1961]. Trhe calcalation of phase and erq can Fatisfy both T.,vc ,n~d Thwlce0h vZav
,-roup velocities for this mnodel was the first, data.
(tuIalli-tative :1 t(ternjpt to exr)nian the disporsion Irn 1-giircs; I a!nil 2, fhc. iigher vclovr'tiws; at,

i. moanif., Le-'Pe wave's with a inatheinatic:di jne tid aebe esrduiadt
111df]( contbuining a low-velocityv chiannei. Tfhis rroiui thje great Chlff;a-n oes Hrihcuala. T',;e heor4- i.-
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5.2 ~~-----~------
- *,'S CHILE TO PARA (SRUNE, BEFJIOFF AND E.WING, 1961)/

A ALASKA TO HONOLULU COLIVFR AND) DORtiAN. 1961)J i
5.0 C KURILE IS. TO BERKELEY (DENOYER, I93ý9)o0 KAMCHATKA AND NEW GUINEA TO PASADENA (SATe. 1958)

Lii -y MID ATLANTIC RIDGE TO BERMUDA (EWING, JARDETZKY, PRESS, 1957)
C0 0 PACIF~IC PATHS TO HONOLULU (OLIVER. EWING, PRESS, 1955)a

-.80 QUEEN CHARLOTTE IS. TO HONOLULU (COULOMB, 1952)
Z> x ATLANTIC AND PACIFIC PATHS (WILSON, 1940)

6 PACIFIC PATHS (GUTENBERG AND RICM'!r', ::;I0 S.E. PACIFIC TO HALLETT. '. .%,RCTICA4.6 --- 1 --
-~ ~. ~GUTEN13ERG

-KxI MODEL
>C0OCEANS VII! PEKERIS, 1961

C CASE 122 10? '

V1 F FLAT ISPHERICAL
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Fig. 2. Group velocities for fundamental-mode oceanic Love waves. Calculation for

sphP;-;rPa1 earth case 122, compared with observational data from 10 to 800 seconds period. For
diseii.o-ion see te-f.

cal curves for the Jeifreys-Bullen and Guten- dlepthis of 100 and -2everal hundred kilomneters.
berg-Bullen A continental models shown in Fig- We may further study the wave guide of the
ures 1 and 2 agree quite wvell with the results G wave with the aid of the Love wave particle
of ease 122 at long periodis. amplitudes computed for a spherical earth (Fig-

For periods shorter than i2 seconds the lower- ure 33). For reference, the distribution of shear
velocity oceanic crustal materials, in particular velocity with depth is shown at the left. The
the sediments, produce a sharp drop in group particle amplitudes are normalized t.o unit at
velocity as the p~eriodl decreases. For periods be- the free sturfac-e. The particle amiplitude for T
tween 10 and approximately 50 seconds, small =59.07 seconds is representative of particle
seIgments of continental path can lower the oh- amipliltudes for the G wave for periods between
served group vellocities3. For the data f-um 11all- 60 and 300 seconds. For these periods the free
let~t strtion, a cerrcctinn wvas apphicd for the 6 surfincr,, and the steep gradient in shear velocity
per cent of the path that lies within thoecontinent down to-. approxima~tely 900 km form the wave
of' Antarctica. guide of the G wave. For periods greater thvan

7'he wave guide of the G woeve. The well- 300 seconds, the artice moinpntae h
kniown pulselike character of the G Wave, whih igh-speed lower mantle, and observcd Love
is best observed fo~r oceanic paths, is produeced wave plase and group1 velOZ-ities0ý increaSe sharply,
b; the, nearly constant group velocity of the as had been predicted by theory. Similarly, for

funidarncntal oceanic Love miode for periods as periods greaeix i--r 250 seemindS, observed and
g-et as 300 seconds, as shown in Figure 2. theoreticalRyeg aephs n ru e

In his study3 of the wave guide of the G wave, locities rise even more ahruptly than those for
Satep [19581 Paid that 'this phase corresponds to Love waves. For these wavelengths, Rayleigh
ak Love wave travelinf' in the maritle and con- waves penetrate more deeply into the earth.
troikA by ih' Ow,,rad~ont in sl'e.'r velocity' betweeVn In Figiures 1 and 2, the phase and groun' ye-
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SHEAR VELOCITY PARTICLE AMPLITUDE
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Fig. 3. Particle amplib.do profiles as a function of depth for the fundamental Love mode
of case 122, calculation f.r spherical model. Amplitudesf normalized to unity at the free surface.
Secondary maximum dev,-Aops when phase velocity C begins to exceed 4.3 kn/see, the channel
velocity.

!ocities for ca1se 12%, as eniculated for a spherical shortened by a factor approximately equal to
earth and for fiat layers, remain approximately tihe ratio of the effective channel depth to the
parallel for periods between 12 and 150 seconds. earth's radius (M. Ewing, personal communica-

For periods shorter than 10 seconds, the two cation). Thus the velocily of the waves is in-
phase velocity curves converge; for periods creased by approximately (z/a)- V., where z
shorter than 8 seconds, they are indistinguish- is the effective depth to the channel, a the
able. As discussed in the section on coniputa- radius of the earth, and Vo the velocity in the
tional procedures, both numerical iteration and channel. rn the present case, with a channel ve-
the matrix method were used for ;,Al i.hese cnl- locity of 4.30 km/sec, the difference of 0.08 kin/
culations and were found to be in good agree- sec in Figures I and 2 indicates an effective cha?-

ment. nel depth of 120 km. This depth lies well within
Within the period range where the phase and the channel for case 122. With this difference of

group velocity curves are parallel, the difference path length in mind, it is easy to under.stand

between the calculations for the spherical earth how a spherical model with a channel velocity
and for the flat-layered versions of case 122 is of 4.3 km/sec devJops the observed G wave
approximately 0.8 km/sec. In simplest terms, velocity of approximately 4.4 km/sec. Press and
this increase in velocity for the spherical earth Ewing [1056] and Press [1959] have suggested,
can be attributed to a shorter path. For the without detailed calculation, that the comnpari-
spherical earth, if we imagine that the waves ýzon of the 4.7-km/sec mantle shear velocity, de-
travel predominantly in the low-velocity chan- rived from seismic refraction measuromnents,
nel instead of along the surface, the path is with the 4.4-km/sec G-wave velocity indicates
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the presence of a low-velocity channel in the secondary maXimUms in the low-velocity chan-
upper mantle. nel for case 122=

To understand the reasons for the abrupt di- There are two requirements for the develop-
vergence of the phase velocity curves for spheri- ment of secondary maximums in Love WaVe
cal and flat models near 10 seconds, we may particle amplitudes. First, the phase velocity
consider the diagrams of Love wave particle am- must be slightly higher than the channel ve-
plitude for a spherical earth shown in Figure 3. locity but less than the velocity of the higher-
At the shortest period, 8.03 seconds, the motion speed regions adjacent to the channel. Second,
is confined to the crust and to the high-speed the vertical wavelength must be less than or
layer just below the crust. In this part of the comparable to the channel thickness.
spectrum, the calculations for spherical and flat In a study of oceanic Love waves, Jobert
models give nearly identical phase and group [1960b] showed that, for n = 600, the funda-
velocities and particle amplitudes. When the pe- mental mode particle amplitude develops a sec-
riod becomes greater than 8 seconds, the phase ondary maximum. Sat6 et al. [1960b] also ob-
velocity increases and the waves penetrate served that, for models witlh a low-velocity layer,
farther into the high-speed portion of the man- the higher-mode particle amplitudes can be much
tle. At the period where the phase velocity be- greater in the channel than at the surface.
comes equal to the channel velocity, drastic It is evident that secondary maximums will
changes in particle amplitude begin to occur. play an important role in the problem of nor-
Within a period range of approximately 1 sec- mal mode excitation by earthquakes at depth.
ond, the wave which was confined above the Caloi [1953, 1954] and Gutenberg [1954, 1955]
channel emerges as a disturbance trapped in reported that earthquakes within the low-veloc-
the entire low-velocity zone. This penetration ity channel tend to excite the phases P. and
of the surface waves through the high-speed S. quite easily. Bolt and Dorman [1961] calcu-
mantle into the low-velocity channel is analogous lated the group velocity of the first shear mode
to many problems of barrier penetration in for a Gutenberg velocity distribution. They
quantum mechanics, found a maXimum in the group velocity curve

Near 10 seconds, - where the fundamental at 4.54 km/sec for a period of 25 seconds which
oceanic Love mode penetrates the channel, the agrees well with the period and velocity of the
particle amplitudes for the spherical and flat- phase S. described by Calci and Gutenberg and
layered versions of model 122 differ and the the phase S. of Press and Ewing [1955].
phase velocity curves diverge. Calculations of The fundamental oceanic Love mode for case
particle amplitudes for the flat-layered version 122 has a secondary maximum of particle
show more severe trapping. The lower phase ve- amplitude at short periods. For the Canadian
locity and larger channel amplitudes for this shield, Brune and Dorman [1962] have presented
case may be attributed to a more effective low- a case, CANSD, for which the fundamental Love
velocity channel, mode is not associated with channel waves. A

The particle amplitude curves for the spheri- secondary maximum does not develop in this
cal earth version of case 122 at T = 10.34 and case, nor in the Gutenberg-Bullen A. model, since
15.23 seconds in Figure 3 illustrate trapping and the phase velocity does not exceed the lowest
also exhibit secondary maximums. For case 122, channel velocity until the vertical wavelength
the largest secondary maximum occurs near 15 is greater than the channel thickness. For these
seconds when the calculation is performed for a models, however, the first shear and the se. nd
spherical earth. At these periods, the phase and Love modes are much like the fundamental Love
group velocities and the particle amplitudes mode for the Oceans in that a secondary maxi-
which result from the earth-flattening approxi- mum, which always charseterizes these modes,
mation are extremely similar to those calculated is confined to the low-velocity zone. All these
for the spherical earth. ThUs, for the spherical modes are associated whli channel waves. The
earth, the simplified, explanation discussed pre- higher modes offer a means of refining the knowl-
viously for the relation between the channel edge of the mantle benea~tlh various regions.
velocity and the G wave velocity is. justified by The oceanlc Rayleigh mode. Oceanic Ray-
the study of particle amplitude trapping and leigh mode phase and group velocities as ob-
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served for Pacific paths for periods between 20 a program written by L. E. Alsop of the Lamont
and 150 seconds have been presented. by Kuo Geological Observatory Was used to check -this
et al. [1962]. All the data presented in Figures 27 correction. The exact calculation for case 122
and 28. of their study, with the exception of those .agrees with curves 8099S to within 0.01i ki/sec.
labeled P13 and P14, may be considered repre- Thus, the observed oceanic Rayleigh mode phase
sentative of the dispersion for Pacific Ocean and group velocities for Pacific paths are in close
basins. The paths indicated by data points P13 agreement with those calculated for case 122. In
and P14 cross the Melanesia-New Zealand re- the preceding section it was shown that this

* gion of the southwest Pacific and hence will not case agrees with dispersion data foi, k ,eiic
be included in the present discussion. The seat- Love waves. These r,,; p'urisons indicate that
ter of the data below 30 seconds can be at- case 122 must not lop:iro greatly from the'condi-
tributed to differences in water depth. tions to be foui I it the mantle beneath the

The observed phase and group velocities of oceans, since it satisfies both Love and Ray-
* Kuo et al. were compared with theoretical leigh wave data.

curves designated 8099S. These curves were Rayleigh wave amplitudes for case 122, com-
obtained, by correcting the phase velocities for parable, with. the amplitudes for Love waves in
case 8099 of Dorman et al. [1960] according to Figure 3, are shown in Figure 4. The distribution
the spherical correction formula for the Ray- of shear velocity with depth is again giVen at the
leigh wave phase velocities reported by Bolt and left side of the figure. The vertical displace-
Dorman [1961] for the Gutenberg-Bullen A ments are normalized to unity at the water sur-
continental model, face. Particle amplitudes for case 122 are shown

As was noted in the section on computations, for one calculation for a spherical earth and three
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Fig. 4. Particle axmplitude profiles, as a function of depth- for the Rayleigh mode of case
122. Vertical dis'placement V, normalized t6 unity at the free surface. H is- horizontal displace-
ment. H and V of same sign indicate retrograde motion. For a given wayelengthi, ),,particle
amplitudes are the same for calculations for flat and spherical models. To first order, the group
velocities are also the same.
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calculations for flat layers. No secondary maxi- locities for case 122 have been calculated: using
mum or channel wave develops in the low-veloc- a program for Rayleigh waves on a spherical
ity channel for the oceanic Rayleigh mode of earth. These calculations agree With the results
case 122. presentedby- XuQ• t 01. At curvesx fOS- Thus'

When calculations uf Rayleigh mode particle the correction for the effect of sphericity on
amplitudes for spherical and flat-layered versions Rayleigh waves is nearly identical for these ge-
of case 122 are compared for a given Wavelength ologically reasonable models, oceanic and' con-
(Figure 4), it is found that the particle ampli- tinental.
tudes are nearly the same. For perio&s shorter in contrast to the correction for sphericity for
than 100 seconds, the group velocities agree to Rayleigh waves, which is the same for many
within 0.02 km/sec. Bolt and Dorman [1961], models, the corrections for sphericity for funda-
also reported that the Rayleigh mode group ye- mental and higher-mode Love waves and for the
locities calculated for spherical and flatt-layered shear modes of the Rayleigh type are quite de-
versions of their models are nearly the same, pendent on the choice of physical parameters
even though the phase velocities are different, in the mantle. Calculations for cases 122 for
To extend the discussion of the relation between oceans, CANSD for the Canadian shield, and
phase and group velocities as a function of the Gutenberg-Bullen A model show quite dif-
wavelength for a spherical and a flat-layered ferent sphericity corrections for the funda-
medium, let us consider one of the well-known mental Love mode. The fundamental Love mode

expressions which relates the group velocity U for the oceanic model develops a channel wave,
to the phase velocity C for a certain wave- the short-period components of the G wave; the
length X: fundamental Love mode has no channel wave

for these continental models.
U. = C. - X dC,/dX (la) Future problems. Several problems remain

where the subscript s indicates a spherical earth, to be solved for the mantle beneath the oceans.

Similarly, for a flat earth, For example, the calculated phase velocities of
oceanic Rayleigh waves of Kuo et al. [1962]

U1 = C1 - X dCf/dX (I b) are a few hundredths of a kilometer per second
high for periods greater than 80 seconds. Simi-

If the group velocities and wavelengths are ap- larly, the calculated phase velocities for the Gu-
proximately equal, we may subtract (ib) from tenberg-Bullen A model [Bolt and Dorman,
(la) and obtain 1961] are slightly above the data for periods

0 ý- (C, - Cf) - X[dC./dX - dCf/d,\] (2) greater than 150 seconds.
In addition,, the calculated Love wave phase

This may be rearranged as velocities in Figure 1 of this paper (spherical

model) are also several hundredths of a kilome-
(C. -- C1)/X • d(C. -- C1)/d?. m (3) ter per second too high for periods greater than,

where m is a constant. Alternatively, we may 150 seconds. As a consequence, the calculated

write group velocities are somewhat low for periods
between 100 and 250 seconds. Thus-both, Ray-

C. Izt; C[ + T d(C. - C)dX (4 leigh and Love waves indicate th~at small changes
C[1 + T((4) in either velocity or density must be made in

-• C•1 ± mT] the theoretical models. Preliminary investiga=
The last of equations 4 is identical to the em- tions show that either shear velocities or densi-
pirical formula (12) of Bolt and Dorman [1961]. ties must be altered at depths in excess of 200
These authors found that m = 0.00016 for the kin.
Gutenberg-Bullen A continental model. Between 10 and 20 seconds, the calculated

The curves 8099S of Kuo et al. resulted from Love wave group velocities in Figure 2lie above
the application of the Bolt and Dorman spheric- much of the data. Adjustments of shear veloc-

ity correction to the Rayleigh mode phase ye- ity in the crust and sediments may remove part
locities for Dorman's oceanic case 8099. As was of this discrepancy., Changes may also beý needed
previously stated, oceanic phase and group ye- in the shape of the low-velocity channel. These
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adjustments will probably somewhat alter the 7. For periods shortcr than 60 seconds, the G
shape of the particle amplitude curves foi: the wave, which is the fundamenital oceanic Love
fundamental Love mode. mode in this range of periods, develops a large

Observational data for higher modes were -P,-ondary maximum of particle amplitude in trie
not considered in the present study. These modes low-velocity channel and msiy be considered
should be observed and the observations ex- a channel wave. For periods between 60 and
plained by the model used to fit the fundamental 300 seconds-, the free_ surface and the steep
modes. Finally, we note that S. wave data, still gradient in shenur veoiy'huto approximate-ly

* unavailable for oeeaiji areas at epicentral dis- 900 km form thie wave guidla of the G wave.
tances between 10 amid 170, and betwe-en 17' At longer periods the partiri. ý p:4i -: p'ty~ates
and 340, would be of great help in future studies, the high-speed lower mart-, *g nr avid

Summary and conclusions. 1. Love wave dis- group velocities to rise sharply.
persion for a spherical earth has been computed 8. Calculated higher-mode Love waves and
for a model of the suboceanic crust and mantle, time shear modes of Rayleigh type also exhibit
case 122. This model, which is similar to case secondary maximums in the low-Velc;City cbfm-
8099 of Dorman et al. ['1960], has a low-veloc- nel when their phase velocities Rre slightly
ity channel. greater than the channel velociiy iadi their ver-

2r. Theoretical Lom~ wave- velocities_ for case tical waveleith "m Ie- rra n iine ~lc
122 explain phase and group velocity data for ness. These secondary mwdmums will be impor-
oceanic Love waves over a broad range of pe- tant in the conmideraticn of pn~ns osf excito.

riods to within a few hundredths of a kilometer tion and source depth.
per second. 9. It is useful to compare the ma-,ntle veloci-

3. An oceanic Rlayleigh wave program for a ties determined from surface wave data for
spt aith, xvrit~e;i by L. 1`. '.L1iop, has~ been oceanic and continental areas. Examples include

Used ) confirm the spheriý.ali'v ;'Uellx pUm hase ease 'I2, -ase SG9of Dorman et al. [1960], and
and group velocities for Dorman',- case 8099 case 6EGHPI of Aki and Press [1961] for the
(presented by Kuo et al. [1960] as case 8099S). oceans and, for the contiinents, the Canadia~n
'These theoretical results explain the oceanic shield rnodel, C&LNSD), of B3rune and Dor-man
Rayleigh wave data of Kuo et, al. to within a [1962] aml the Gutenberg-Bullen A model dis-
few hundredths of a kilomete-r per second. The cusse-d in studies of the Chilean earthquake.
Love and ^.Rayleigh wave results car. be further Whe-n this comparison is made, it is confirmed
improved by minor modifications of the model, that channel velocities are smaller beneath the

4. The effect of sphericity on Love waves is oceans. Further study is needed to determine
found to be of great importance and to be de- whet-her these channel velocities usually occur at
pendent on the model under consideration. For shallower depths3 beneath oceean basins tbaT' be-
the oceans, the differences between the phase neath continents.q
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